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Description
FIELD OF THE INVENTION

[0001] The present invention relates generally to wind turbines, and more particularly, to adjustment factors for
aerodynamic performance maps used in wind turbine controllers that account for wind shear, turbulence intensity, and/or
blade aerodynamic shape.

BACKGROUND OF THE INVENTION

[0002] Wind poweris considered one of the cleanest, most environmentally friendly energy sources presently available,
and wind turbines have gained increased attention in this regard. A modern wind turbine typically includes a tower, a
generator, a gearbox, a nacelle, and a rotor. The rotor typically includes a rotatable hub having one or more rotor blades
attached thereto. A pitch bearing is typically configured operably between the hub and the rotor blade to allow for rotation
about a pitch axis. The rotor blades capture kinetic energy of wind using known airfoil principles. The rotor blades transmit
the kinetic energy in the form of rotational energy so as to turn a shaft coupling the rotor blades to a gearbox, or if a gearbox
is not used, directly to the generator. The generator then converts the mechanical energy to electrical energy that may be
deployed to a utility grid.

[0003] Changes in atmospheric conditions, for example, wind speed, wind turbulence, wind gusts, wind direction, and
density may significantly influence power produced by the generator. A power output of the generator increases with wind
speed until the wind speed reaches a rated wind speed for the turbine. At and above the rated wind speed, the generator
operates at a rated power. The rated power is an output power at which the generator can operate with a level of fatigue or
extreme load to turbine components that is predetermined to be acceptable. At wind speeds higher than a certain speed,
typically referred to as a trip limit, the wind turbine may implement a control action, such as shutting down or de-rating the
wind turbine in order to protect wind turbine components from damage. In addition, there may be certain wind speeds
and/or operational set points (such as generator speed or power) that lead to a corrective action (such as a pitch control
action) below rated power.

[0004] In certain control systems, such as the system described in U.S. Patent No.: 9,605,558 filed on August, 20,2013
entitled "System and Method for Preventing Excessive Loading on a Wind Turbine" which is incorporated herein by
reference in its entirety, a wind condition is estimated using wind turbine operating data, a series of equations, and one or
more aerodynamic performance maps. The aerodynamic performance map(s) are dimensional or non-dimensional tables
or graphs that describe rotorloading and performance (e.g. power, thrust, torque, bending moment, or similar) under given
conditions (e.g. density, wind speed, rotor speed, pitch angles, or similar). As such, the aerodynamic performance map(s)
may include: power coefficient, thrust coefficient, torque coefficient, and/or partial derivatives with respect to pitch angle,
rotor speed, or tip speed ratio. Alternatively, the aerodynamic performance maps can be dimensional power, thrust, and/or
torque values instead of coefficients. Once the desired coefficients are known, the controller can control the wind turbine
based thereon.

[0005] The aerodynamic performance map(s) mentioned above are static and are typically determined during a design
stage of the wind turbine. Therefore, the aerodynamic performance map(s) are not dependent upon changing wind
conditions that may be present during operation of the wind turbine, such as wind speed, turbulence intensity, wind shear,
or sudden wind gusts. US2017/122289A1 describes a control of wind turbines in response to wind shear;
US2016/230741A1 and EP3088733 A1 describe a control method for a wind turbine; US2015/292483A1 describes
system and method for thrust-speed control of a wind turbine.

[0006] Accordingly, a system and method for controlling a wind turbine that included adjustment factors for the
aerodynamic performance maps to account for wind shear, turbulence intensity, and/or blade aerodynamic shape would
be desired in the art.

BRIEF DESCRIPTION OF THE INVENTION

[0007] Aspects and advantages of the invention will be set forth in part in the following description, or may be obvious
from the description, or may be learned through practice of the invention.

[0008] Inone aspect, the present disclosure is directed to a method for controlling a wind turbine according to claim 1.
The method includes controlling the wind turbine based on at least one first aerodynamic performance map. The method
also includes monitoring an actual wind parameter of the wind turbine using one or more sensors. Further, the method
includes determining an adjustment factor for the first aerodynamic performance map based at least in part on the
measured actual wind parameter. Moreover, the method includes applying the adjustment factor to the first aerodynamic
performance map to obtain an adjusted aerodynamic performance map. Thus, the method also includes controlling the
wind turbine based on the adjusted aerodynamic performance map.
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[0009] In one embodiment, the actual wind parameter includes a wind gust, a wind speed, a wind direction, a wind
acceleration, a wind turbulence, a wind shear, a wind veer, a wake interference, or any other wind parameter. Thus, in one
embodiment, the method may further include determining the adjustment factor for the first aerodynamic performance
map based at least in part on the wind shear so as to account for variations in wind speeds near the wind turbine.
[0010] Inanotherembodiment, the step of determining the adjustment factor for the first aerodynamic performance map
may include utilizing one or more look-up tables, one or more equations, or a simulation model.

[0011] Accordingtotheinvention, the step of applying the adjustment factor to the first aerodynamic performance map to
obtain the adjusted aerodynamic performance map may include multiplying the adjustment factor to atleast one of a power
coefficient or thrust coefficient obtained from the first aerodynamic performance map.

[0012] In several embodiments, the method may include providing operating data indicative of current wind turbine
operation to the processor. In such embodiments, the operating data may include, for example, rotor speed, generator
speed, pitch angle, power output, drivetrain torque, air density, ambient temperature, and/or atmospheric pressure. Thus,
in one embodiment, the method may further include determining the adjustment factor for the first aerodynamic
performance map based at least in part on the rotor speed so as to account for at least one of twist or deflection of
one or more rotor blades of the wind turbine.

[0013] In additional embodiments, the step of determining the adjustment factor for the first aerodynamic performance
map based at least in part on the rotor speed may include inputting the rotor speed into the processor containing a plurality
of aerodynamic performance maps corresponding to a plurality of rotor speeds, selecting one of the plurality of
aerodynamic performance maps that corresponds to the rotor speed, and extracting the adjustment factor from the
selected aerodynamic performance map.

[0014] In particular embodiments, the step of controlling the wind turbine based on the adjusted aerodynamic
performance map may include implementing a control action. Such control actions may include, for example, altering
the pitch angle of a rotor blade, modifying a generator torque, modifying the generator speed, modifying the power output,
yawing a nacelle of the wind turbine, braking one or more wind turbine components, activating an airflow modifying
element on a rotor blade, or any other suitable control action or combinations thereof.

[0015] In yet another aspect, the present disclosure is directed to a system for controlling a wind turbine according to
claim 10. The system includes one or more sensors configured to monitor operating data indicative of current wind turbine
operation and a wind turbine controller having atleast one processor communicatively coupled to the one or more sensors.
The processor is configured to perform one or more operations, including but not limited to controlling the wind turbine
based on at least one first aerodynamic performance map, determining an adjustment factor for the first aerodynamic
performance map based at least in part on the measured actual wind parameter, applying the adjustment factor to the first
aerodynamic performance map to obtain an adjusted aerodynamic performance map, and controlling the wind turbine
based on the adjusted aerodynamic performance map. It should be understood that the system may further include any of
the additional features and/or steps as described herein.

[0016] These and other features, aspects and advantages of the present invention will become better understood with
reference to the following description and appended claims. The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate the embodiments of the invention and, together with the description, serve to
explain the principles of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] Afulland enabling disclosure of the presentinvention, including the best mode thereof, directed to one of ordinary
skill in the art, is set forth in the specification, which makes reference to the appended figures, in which:

FIG. 1 illustrates a perspective view of one embodiment of a wind turbine according to the present disclosure;
FIG. 2 illustrates a simplified, internal view of one embodiment of a nacelle of a wind turbine according to the present
disclosure;

FIG. 3 illustrates a block diagram of one embodiment of suitable components that may be included in a controller of a
wind turbine according to the present disclosure;

FIG. 4 illustrates a flow diagram of one embodiment of a method for controlling a wind turbine based on an adjusted
aerodynamic performance map according to the present disclosure;

FIG. 5 illustrates a schematic diagram of one embodiment of an aerodynamic performance map according to the
present disclosure;

FIG. 6 illustrates one embodiment of a graph of the quadratic wind shear for a first turbine measured parameter a’
versus the quadratic wind shear for a first turbine measured parameter b’ according to the present disclosure;
FIG. 7 illustrates a schematic diagram of one illustrative example useful to understand the invention of a rotor speed
input being used to determine a adjustment factor for a first aerodynamic performance map according to the present
disclosure; and
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FIG. 8 illustrates a schematic diagram of one illustrative example useful to understand the invention of a how a first
aerodynamic performance map changes with increasing rotor speed according to the present disclosure.

DETAILED DESCRIPTION OF THE INVENTION

[0018] Reference now will be made in detail to embodiments of the invention, one or more examples of which are
illustrated in the drawings. Each example is provided by way of explanation of the invention, not limitation of the invention.
In fact, it will be apparent to those skilled in the art that various modifications and variations can be made in the present
invention without departing from the scope of the invention. For instance, features illustrated or described as part of one
embodiment can be used with another embodiment to yield a still further embodiment. Thus, itis intended that the present
invention covers such modifications and variations as come within the scope of the appended claims.

[0019] Generally, the present subject matter is directed to an adjustment factor for an aerodynamic performance map
used in wind turbine control systems and methods of determining same. Aerodynamic performance maps are generally
static shapes for uniform inflow conditions. However, in actual wind turbine operation, rotor blade shape and inflow wind
conditions are known to vary from the original design conditions that assume idealized conditions. To account for such
variations, the present disclosure includes an adjustment factor that can be used to modify the utilization of the
aerodynamic performance map(s) within the wind turbine control system. More specifically, the adjustment factors
described herein are configured to account for wind shear (or atmospheric boundary layer profile shapes), turbulence
intensity, and/or blade aeroelastic shape (e.g. deflection and twist).

[0020] Referring now to the drawings, FIG. 1 illustrates a wind turbine 10 in accordance with aspects of the present
disclosure. As shown, the wind turbine 10 comprises a rotor 12 having a plurality of rotor blades 14 mounted on a hub 20.
The wind turbine 10 also comprises a nacelle 22 that is mounted atop a tower 16. The rotor 12 is operatively coupled to an
electrical generator 24 (FIG. 2) housed within the nacelle 22. The tower 16 exposes the rotor blades 14 to the wind
(directionally represented by arrow 26), which causes the rotor blades 14 to rotate about an axis 28. As such, the rotor
blades 14 transform the kinetic energy of the wind into a rotational torque, which is further transformed into electrical
energy via the electrical generator 24.

[0021] Referring now to FIG. 2, a simplified, internal view of one embodiment of the nacelle 22 of the wind turbine 10
shownin FIG. 1isillustrated. As shown, the generator 24 may be disposed within the nacelle 22. In general, the generator
24 may be coupled to the rotor 12 for producing electrical power from the rotational energy generated by the rotor 12. For
example, as showninthe illustrated embodiment, the rotor 12 may include a rotor shaft 34 coupled to the hub 20 for rotation
therewith. The rotor shaft 34 may, in turn, be rotatably coupled to a generator shaft 36 of the generator 24 through a gearbox
38. Asis generally understood, the rotor shaft 34 may provide alow speed, high torque input to the gearbox 38 in response
to rotation of the rotor blades 14 and the hub 20. The gearbox 38 may then be configured to convert the low speed, high
torque input to a high speed, low torque output to drive the generator shaft 36 and, thus, the generator 24.

[0022] Thewind turbine 10 may alsoinclude a controller 30 centralized within the nacelle 22. Alternatively, the controller
30 may be located within any other component of the wind turbine 10 or at a location outside the wind turbine 10. Further,
the controller 30 may be communicatively coupled to any number of the components of the wind turbine 10 in order to
control the operation of such components and/or implement various correction actions as described herein. As such, the
controller 30 may include a computer or other suitable processing unit. Thus, in several embodiments, the controller 30
may include suitable computer-readable instructions that, when implemented, configure the controller 30 to perform
various different functions, such as receiving, transmitting and/or executing wind turbine control signals. Accordingly, the
controller 30 may generally be configured to control the various operating modes (e.g., start-up or shut-down sequences),
de-rate the wind turbine, and/or control various components of the wind turbine 10 as will be discussed in more detail
below.

[0023] Still referring to FIG. 2, each rotor blade 14 may also include a pitch adjustment mechanism 32 configured to
rotate each rotor blade 14 about its pitch axis 33. Further, each pitch adjustment mechanism 32 may include a pitch drive
motor 40 (e.g., any suitable electric, hydraulic, or pneumatic motor), a pitch drive gearbox 42, and a pitch drive pinion 44. In
such embodiments, the pitch drive motor 40 may be coupled to the pitch drive gearbox 42 so that the pitch drive motor 40
imparts mechanical force to the pitch drive gearbox 42. Similarly, the pitch drive gearbox 42 may be coupled to the pitch
drive pinion 44 for rotation therewith. The pitch drive pinion 44 may, in turn, be in rotational engagement with a pitch bearing
46 coupled between the hub 20 and a corresponding rotor blade 14 such that rotation of the pitch drive pinion 44 causes
rotation of the pitch bearing 46. Thus, in such embodiments, rotation of the pitch drive motor 40 drives the pitch drive
gearbox 42 and the pitch drive pinion 44, thereby rotating the pitch bearing 46 and the rotor blade 14 about the pitch axis 33.
Similarly, the wind turbine 10 may include one or more yaw drive mechanisms 66 communicatively coupled to the controller
30, with each yaw drive mechanism(s) 66 being configured to change the angle of the nacelle 22 relative to the wind (e.g.,
by engaging a yaw bearing 68 of the wind turbine 10).

[0024] Referring generally to FIGS. 1-3, the wind turbine 10 may include one or more sensors 48, 50, 52, 54 for
measuring various wind parameters of the wind turbine 10. For example, as shown in FIG. 1, sensor 48 is located on the
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hub 20 so as to measure an actual wind parameter upwind from the wind turbine 10. The actual wind parameter may be any
of the following: a wind gust, a wind speed, a wind direction, a wind acceleration, a wind turbulence, a wind shear, a wind
veer, a wake interference, or similar. Further, the sensor(s) 48, 50, 52, 54 may include at least one LIDAR sensor for
measuring upwind parameters. For example, as shown in FIG. 1, LIDAR sensor 48 is a measurement radar configured to
scan an annularregion around the wind turbine 10 and measure wind speed based upon reflection and/or scattering of light
transmitted by the LIDAR sensor from aerosol. The cone angle (6) and the range (R) of the LIDAR sensor 48 may be
suitably selected to provide a desired accuracy of measurement as well as an acceptable sensitivity.

[0025] Intheillustrated embodiment, the sensor(s)48, 50, 52, 54 is located on the hub 20 whereupon the rotor blades 14
are mounted. In further embodiments, the sensor(s) 48, 50, 52, 54 may also be located near the base of the wind turbine
tower 16, on one or more of the rotor blades 14, on the nacelle 22, on a meteorological mast of the wind turbine 10, oratany
other suitable location. In still further embodiments, the sensor(s) 48, 50, 52, 54 may be located in any suitable location on
or near the wind turbine 10. Further, the sensor(s) 48, 50, 52, 54 may be configured to measure a wind parameter ahead of
at least one specific portion, typically the most significant sections of the rotor blades 14 in terms of contributions of those
sections to aerodynamic torque on the rotor blades 14, e.g. sections close to the tips of the rotor blades 14. The points
ahead of the rotor blades 14 at which wind speed is measured by the sensor(s) 48, 50, 52, 54 is represented by plane 25 as
shown in FIG. 1.

[0026] Inalternative embodiments, the sensor(s)48, 50, 52, 54 may be any other suitable sensors capable of measuring
wind parameters upwind of the wind turbine 10. For example, the sensor(s) 48, 50, 52, 54 may be accelerometers,
pressure sensors, angle of attack sensors, vibration sensors, MIMU sensors, camera systems, fiber optic systems,
anemometers, wind vanes, Sonic Detection and Ranging (SODAR) sensors, infra lasers, radiometers, pitot tubes,
rawinsondes, other optical sensors, and/or any other suitable sensors. It should be appreciated that, as used herein, the
term "monitor" and variations thereof indicates that the various sensors of the wind turbine may be configured to provide a
direct measurement of the parameters being monitored or an indirect measurement of such parameters. Thus, the
sensor(s) 48, 50, 52, 54 may, for example, be used to generate signals relating to the parameter being monitored, which
can then be utilized by the controller 30 to determine the actual condition.

[0027] Referring specifically to FIG. 3, there is illustrated a block diagram of one embodiment of the controller 30
according to the present disclosure. As shown, the controller 30 may include one or more processor(s) 58, a wind turbine
condition estimator 56, and associated memory device(s) 60 configured to perform a variety of computer-implemented
functions (e.g., performing the methods, steps, calculations and the like and storing relevant data as disclosed herein).
Additionally, the controller 30 may also include a communications module 62 to facilitate communications between the
controller 30 and the various components of the wind turbine 10. Further, the communications module 62 may include a
sensor interface 64 (e.g., one or more analog-to-digital converters) to permit signals transmitted from the sensor(s) 48, 50,
52, 54 to be converted into signals that can be understood and processed by the processors 58. It should be appreciated
that the sensor(s) 48, 50, 52, 54 may be communicatively coupled to the communications module 62 using any suitable
means. For example, as shown in FIG. 3, the sensor(s) 48, 50, 52, 54 are coupled to the sensor interface 64 via a wired
connection. However, in other embodiments, the sensor(s) 48, 50, 52, 54 may be coupled to the sensor interface 64 via a
wireless connection, such as by using any suitable wireless communications protocol known in the art. As such, the
processor 58 may be configured to receive one or more signals from the sensor(s) 48, 50, 52, 54.

[0028] The wind turbine condition estimator 56 may be considered software that utilizes operating data to calculate, in
real-time, various wind turbine conditions. Further, the wind turbine condition estimator 56 may comprise firmware that
includes the software, which may be executed by the processor(s) 58. Further, the wind turbine condition estimator 56 may
be in communication the various sensor(s) 48, 50, 52, 54 and devices of the wind turbine 10, which may provide the
operating data to the wind turbine condition estimator 56.

[0029] Asused herein, the term "processor" refers not only to integrated circuits referred to in the art as being included in
a computer, but also refers to a controller, a microcontroller, a microcomputer, a programmable logic controller (PLC), an
application specific integrated circuit, and other programmable circuits. Additionally, the memory device(s) 60 may
generally comprise memory element(s) including, but not limited to, computer readable medium (e.g., random access
memory (RAM)), computer readable non-volatile medium (e.g., a flash memory), a floppy disk, a compact disc-read only
memory (CD-ROM), a magneto-optical disk (MOD), a digital versatile disc (DVD) and/or other suitable memory elements.
Such memory device(s) 60 may generally be configured to store suitable computer-readable instructions that, when
implemented by the processor(s) 58, configure the controller 30 to perform various functions including, but not limited to,
estimating one or more wind conditions of the wind turbine 10 based on the operating data, transmitting suitable control
signals to implement control actions in response to the detection of transient wind conditions, and/or various other suitable
computer-implemented functions.

[0030] Referring now to FIG. 4, a flow diagram of a method 100 for controlling the wind turbine 10 according to the
present disclosure is illustrated. For example, as shown at 102, the method 100 includes controlling the wind turbine 10
based on at least one first aerodynamic performance map. The aerodynamic performance map(s) described herein
generally refer to dimensional or non-dimensional tables or graphs that describe rotor loading and performance (e.g.
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power, thrust, torque, or bending moment, or similar) under given conditions (e.g. density, wind speed, rotor speed, pitch
angles, or similar). As such, the aerodynamic performance map(s) may include: power coefficient, thrust coefficient,
torque coefficient, and/or partial derivatives with respect to pitch angle, rotor speed, or tip speed ratio (TSR). Alternatively,
the aerodynamic performance map(s) can be dimensional power, thrust, and/or torque values instead of coefficients.
Referring particularly to FIG. 5, one embodiment of an aerodynamic performance map 70 is illustrated. For example, as
shown, the aerodynamic performance map 70 is a graph of pitch angle versus TSR that provides a corresponding power
coefficient Cp.

[0031] Referring back to FIG. 4, as shown at 104, the method 100 includes monitoring an actual wind parameter or
operating data of the wind turbine 10 using one or more of the sensor(s) 48, 50, 52, 54. More specifically, as mentioned, the
wind parameters may include a wind gust, a wind speed, a wind direction, a wind acceleration, a wind turbulence, a wind
shear, a wind veer, a wake interference, or similar. Further, in one embodiment, the operating data may include, for
example, rotor speed, generator speed, pitch angle, power output, drivetrain torque, air density, ambient temperature,
and/or atmospheric pressure, tip speed ratio, or other similar operating condition of the wind turbine 10.

[0032] Asshown at 106, the method 100 includes determining, e.g. via the processor(s) 58, an adjustment factor for the
firstaerodynamic performance map 70 based, atleastin part, on the measured actual wind parameter and/or the operating
data. For example, in one embodiment, the processor(s) 58 may be configured to utilize one or more look-up tables, one or
more equations, or a simulation model to determine the adjustment factors described herein. More specifically, as shownin
FIG. 6, where the measured actual wind parameter corresponds to the wind shear, the processor(s) 58 is configured to
determine the adjustment factor for the first aerodynamic performance map 70 based, at least in part, on the wind shear so
as to account for variations in wind speeds near the wind turbine 10. For example, as shown, FIG. 6 illustrates a wind shear
estimator graph 74 of quadratic wind shear for a first turbine measured parameter (i.e. curvature term a’) versus quadratic
wind shear for a second turbine measured parameter (i.e. linear term b’). More specifically, one possibility for describing
the wind speed profile with increasing altitude is a quadratic formula (e.g. ax2 + bx + ¢ = 0) with two parameters (a’ and b’).
The wind speed is zero at the ground (i.e. at zero altitude) and two parameters are sufficient as the third parameter in the
polynomial is equal to 0 - ax2+bx+0. With the knowledge of the wind speed profile, the processor(s) 58 can compare the
power in the wind over the rotor swept area and compare this value to the power for a wind speed that is constant at the
average of the given wind speed profile. Thus, the adjustment factor, Fgyzar (€.9. which ranges from 0.8 to 1.4 on the
illustrated graph), can be read directly from the graph 74.

[0033] Inanexample useful to understand the invention, the processor(s) 58 is configured to determine the adjustment
factor for the aerodynamic performance map 70 based, at least in part, on the rotor speed of the wind turbine 10 so as to
account for twist and/or deflection of one or more of the rotor blades 14 of the wind turbine 10. For example, as shown in
FIG. 7, the processor(s) 58 may be configured to receive the rotor speed 76 as an input and optionally store the rotor speed
76 in the memory device(s) 60. More specifically, in such examples useful to understand the invention, the memory
device(s) 60 may include a multidimensional table having 78 a plurality of aerodynamic performance maps 78 corre-
sponding to a plurality of different rotor speeds 80 stored therein. In other words, for each possible rotor speed there is a
separate chart of the adjustment factor, which uses pitch and TSR as values. Thus, as shown, the processor(s) 58 is
configured to select one of the aerodynamic performance maps from the plurality of aerodynamic performance maps 78
that corresponds to the input rotor speed 76. In addition, the processor(s) 58 is configured to interpolate between adjacent
fixed rotor speed charts. Accordingly, the processor(s) 58 can then determine a current pitch angle and TSR and extractthe
adjustment factor, i.e. Fry,g1 82, from the selected aerodynamic performance map. In alternative embodiments, the
adjustment factor may be determined based on a single dimensional table as well as one or more equations.

[0034] Asshown at 108, the method 100 includes applying the adjustment factor to the aerodynamic performance map
70 to obtain an adjusted aerodynamic performance map 72. For example, as shown in illustrated example embedimentof
FIG. 8 useful to understand the invention, as the rotor speed increase, the aerodynamic performance map(s) change. In
further embodiments, the step of applying the adjustment factor to the first aerodynamic performance map 70 to obtain the
adjusted aerodynamic performance map may include multiplying the adjustment factor to at least one of a power
coefficient or thrust coefficient obtained from the aerodynamic performance map.

[0035] For example, where the adjustment factor is based on wind shear as explained in reference to FIG. 6, the
adjustment factor, Fg;zar €an be used to adjust the first aerodynamic performance map, e.g. via Equations (1) and (2)
below:

Cp = CpesTiMATOR * FSHEAR POWER Equation (1)

Ct = CtesTiIMATOR * FSHEAR_THRUST Equation (2)

Where Cp is the adjusted power coefficient,
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Ct is the adjusted thrust coefficient,

CpestimaTor is the power coefficient from the first aerodynamic performance map,
CtesTivaTor is the thrust coefficient from the first aerodynamic performance map,
FsHeEarR Power iS the adjustment factor for the power coefficient, and
FSHEAR_THRUST is the adjustment factor for the thrust coefficient.

[0036] In still additional embodiments, the shear adjustment factor Fge 5 and the twist adjustment factor Fy,s1 may
both be used to adjust the first aerodynamic performance maps, e.g. using Equations (5) and (6) below:

Cp = CpestiMaTor * Fsuear power * Frwist power ~ Equation (5)

Ci = CtestivaTor * Fsuear tHrRUST * Frwist Tnrust  Equation (6)
Where Cp is the adjusted power coefficient,

C, is the adjusted thrust coefficient,

CpestimaTor is the power coefficient from the first aerodynamic performance map,
CtesTivaTtor is the thrust coefficient from the first aerodynamic performance map,
FrwisT power is the adjustment factor for the power coefficient relating to twist,
FrwisT ThrusT IS the adjustment factor for the thrust coefficient relating to twist,
FSHEAR_ poweR I8 the adjustment factor for the power coefficient relating to shear, and
FSHEAR_THRUST is the adjustment factor for the thrust coefficient relating to shear.

[0037] Referring back to FIG. 4, as shown at 110, the method 100 includes controlling the wind turbine 10 based on the
adjusted aerodynamic performance map(s). For example, in one embodiment, the wind turbine condition estimator 56
may implement a control algorithm having a series of equations to determine an estimated wind turbine condition as a
function of the pitch angle, the generator speed, the power output, and the air density. Further, the equations may be solved
using the operating data and the updated aerodynamic performance maps. Such control methodology provides accurate
wind turbine control that maximizes power output and reduces excessive wind turbine loading. In alternative embodi-
ments, the method 100 can also be used to increase performance. In such embodiments, the loads may increase.
[0038] In particular embodiments, the step of controlling the wind turbine based on the adjusted aerodynamic
performance map may include implementing a control action. The control action(s) as described herein may be any
suitable control action so as to reduce loads acting on the wind turbine 10. For example, in several embodiments, the
control action may include temporarily de-rating or up-rating the wind turbine to permit the loads acting on one or more of
the wind turbine components to be reduced or otherwise controlled. Up-rating the wind turbine, such as by up-rating
torque, may temporarily slow down the wind turbine and act as a brake to help reduce loads. De-rating the wind turbine may
include speed de-rating, torque de-rating or a combination of both. Further, the wind turbine may be de-rated by reducing
speed and increasing torque, which can be beneficial so as to maintain power. In another embodiment, the wind turbine 10
may be de-rated by pitching one or more of the rotor blades 14 about its pitch axis 33. More specifically, the controller 30
may generally control each pitch adjustment mechanism 32 in order to alter the pitch angle of each rotor blade 14 between
-10 degrees (i.e., a power position of the rotor blade 14) and 90 degrees (i.e., a feathered position of the rotor blade 14). In
still another embodiment, the wind turbine 10 may be temporarily de-rated by modifying the torque demand on the
generator 24. In general, the torque demand may be modified using any suitable method, process, structure and/or means
known in the art. For instance, in one embodiment, the torque demand on the generator 24 may be controlled using the
controller 30 by transmitting a suitable control signal/command to the generator 24 in order to modulate the magnetic flux
produced within the generator 24.

[0039] The windturbine 10 may also be temporarily de-rated by yawing the nacelle 22 to change the angle of the nacelle
22 relative to the direction of the wind. In other embodiments, the controller 30 may be configured to actuate one or more
mechanical brake(s) or activate an airflow modifying element on a rotor blade in order to reduce the rotational speed and/or
load of the rotor blades 14, thereby reducing component loading. In still further embodiments, the controller 30 may be
configured to perform any appropriate control action known in the art. Further, the controller 30 may implement a
combination of two or more control actions.

[0040] It should also be appreciated that an advantage of the present invention is that the system and method may be
implemented using existing components of the wind turbine 10. As such, a user is not required to purchase, install, and
maintain new equipment. Further, the controller 30 may be integrated with a broader control system, such as, but not
limiting of, a wind turbine control system, a plant control system, a remote monitoring system, or combinations thereof.
[0041] This written description uses examples to disclose the invention, including the best mode, and also to enable any
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person skilled in the art to practice the invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims.

Claims
1. A method (100) for controlling a wind turbine (10), the method (100) comprising:

controlling, via a processor (58), the wind turbine (10) based on at least one first aerodynamic performance map
(70) embodied as a dimensional or non-dimensional table or graph that describe rotor loading and performance
under given conditions comprising at least one of density, wind speed, rotor speed, or pitch angle;

monitoring an actual wind parameter of the wind turbine (10) using one or more sensors;

determining, via the processor (58), an adjustment factor (80) for the aerodynamic performance map based at
least in part on the measured actual wind parameter;

applying the adjustment factor (80) to the first aerodynamic performance map (70) to obtain an adjusted
aerodynamic performance map (72) comprising multiplying the adjustment factor (80) by at least one of a power
coefficient or thrust coefficient obtained from the first aerodynamic performance map (70); and,

controlling the wind turbine (10) based on the adjusted aerodynamic performance map (72).

2. Themethod (100) of claim 1, wherein the actual wind parameter comprises at least one of a wind gust, awind speed, a
wind direction, a wind acceleration, a wind turbulence, a wind shear, a wind veer, or a wake interference.

3. The method (100) of claims 1 or 2, wherein determining the adjustment factor (80) for the first aerodynamic
performance map (70) further comprises utilizing one or more look-up tables, one or more equations, or a simulation
model.

4. The method (100) of claim 2, further comprising determining the adjustment factor (80) for the first aerodynamic
performance map (70) based at least in part on the wind shear so as to account for variations in wind speeds near the
wind turbine (10).

5. Themethod (100)of any of the preceding claims, further comprising providing operating data indicative of currentwind
turbine (10) operation to the processor (58).

6. The method (100) of claim 5, wherein the operating data comprises any one of or combination of the following: rotor
speed, generator speed, pitch angle, power output, drivetrain torque, air density, ambient temperature, and atmo-
spheric pressure.

7. The method (100) of claim 6, further comprising determining the adjustment factor (80) for the first aerodynamic
performance map (70) based at least in part on the rotor speed so as to account for at least one of twist or deflection of
one or more rotor blades of the wind turbine (10).

8. The method (100) of claim 7, wherein determining the adjustment factor (80) for the first aerodynamic performance
map (70) based at least in part on the rotor speed further comprises:

inputting the rotor speed into the processor (58), the processor (58) comprising a plurality of aerodynamic
performance maps corresponding to a plurality of rotor speeds;

selecting one of the plurality of aerodynamic performance maps that corresponds to the rotor speed; and,
extracting the adjustment factor (80) from the selected aerodynamic performance map.

9. The method (100) of any of the preceding claims, wherein controlling the wind turbine (10) based on the adjusted
aerodynamic performance map (72) further comprises implementing a control action comprising at least one of
altering the pitch angle of a rotor blade, modifying a generator torque, modifying the generator speed, modifying the
power output, yawing a nacelle of the wind turbine (10), braking one or more wind turbine (10) components, or
activating an airflow modifying element on a rotor blade.

10. A system for controlling a wind turbine (10), the system comprising:

one or more sensors configured to monitor operating data indicative of current wind turbine (10) operation; and,
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awind turbine controller (30) comprising atleast one processor (58), the processor (58) communicatively coupled
to the one or more sensors, the processor (58) configured to perform one or more operations, the one or more
operations comprising:

controlling the wind turbine (10) based on at least one first aerodynamic performance map (70) embodied as
a dimensional or non-dimensional table or graph that describe rotor loading and performance under given
conditions comprising at least one of density, wind speed, rotor speed, or pitch angle;

monitoring an actual wind parameter of the wind turbine (10) using one or more sensors;

determining an adjustment factor (80) for the first aerodynamic performance map (70) based at least in part
on the measured actual wind parameter;

applying the adjustment factor (80) to the first aerodynamic performance map (70) to obtain an adjusted
aerodynamic performance map (72) comprising multiplying the adjustment factor (80) by at least one of a
power coefficient or thrust coefficient obtained from the first aerodynamic performance map (70); and,
controlling the wind turbine (10) based on the adjusted aerodynamic performance map (72).

The system of claim 10, wherein the operating data comprises any one of or combination of the following: rotor speed,
generator speed, pitch angle, power output, drivetrain torque, air density, ambient temperature, and atmospheric
pressure.

The system of claims 10 or 11, wherein the one or more operations further comprise determining the adjustment factor
(80) for the first aerodynamic performance map (70) based at least in part on the rotor speed so as to account for at
least one of twist or deflection of one or more rotor blades of the wind turbine (10).

The system of claims 10 to 12, wherein the actual wind parameter comprises at least one of a wind gust, a wind speed,
a wind direction, a wind acceleration, a wind turbulence, a wind shear, a wind veer, or a wake interference.

Patentanspriiche

1.

Verfahren (100) zum Steuern einer Windturbine (10), wobei das Verfahren (100) umfasst:

Steuern der Windturbine (10) tber einen Prozessor (58) auf der Grundlage mindestens einer ersten aero-
dynamischen Leistungskarte (70), die als eine dimensionsbehaftete oder dimensionslose Tabelle oder Grafik
ausgefihrt ist, die die Rotorlast und die Leistung unter gegebenen Bedingungen beschreibt, die mindestens
eines der folgenden Merkmale umfassen: Dichte, Windgeschwindigkeit, Rotordrehzahl oder Pitch-Winkel;
Uberwachen eines aktuellen Windparameters der Windturbine (10) unter Verwendung eines oder mehrerer
Sensoren;

Bestimmen eines Anpassungsfaktors (80) flir die aerodynamische Leistungskarte tiber den Prozessor (58), der
zumindest teilweise auf dem gemessenen aktuellen Windparameter basiert;

Anwenden des Anpassungsfaktors (80) auf das erste aerodynamische Kennfeld (70), um ein angepasstes
aerodynamisches Kennfeld (72) zu erhalten, umfassend das Multiplizieren des Anpassungsfaktors (80) mit
mindestens einem Leistungskoeffizienten oder Schubkoeffizienten, der aus der ersten aerodynamischen Leis-
tungskarte (70) erhalten wird; und

Steuern der Windturbine (10) auf der Grundlage der angepassten aerodynamischen Leistungskarte (72).

Verfahren (100) nach Anspruch 1, wobei der aktuelle Windparameter mindestens eines von einem WindstoR, einer
Windgeschwindigkeit, einer Windrichtung, einer Windbeschleunigung, einer Windturbulenz, einer Windscherung,
einer Winddrehung oder einer Nachlaufstérung umfasst.

Verfahren (100) nach Anspruch 1 oder 2, wobei das Bestimmen des Anpassungsfaktors (80) fiir die erste aero-
dynamische Leistungskarte (70) ferner das Verwenden einer oder mehrerer Nachschlagetabellen, einer oder
mehrerer Gleichungen oder eines Simulationsmodells umfasst.

Verfahren (100) nach Anspruch 2, das ferner das Bestimmen des Anpassungsfaktors (80) fiir die erste aero-
dynamische Leistungskarte (70) umfasst, das zumindest teilweise auf der Windscherung basiert, um Schwankungen

der Windgeschwindigkeiten in der Nahe der Windturbine (10) zu berlicksichtigen.

Verfahren (100) nach einem der vorhergehenden Anspriiche, das ferner das Bereitstellen von Betriebsdaten, die den
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aktuellen Betrieb der Windturbine (10) anzeigen, an den Prozessor (58) umfasst.

Verfahren (100) nach Anspruch 5, wobei die Betriebsdaten eines von Folgendem oder eine Kombination daraus
umfassen: Rotordrehzahl, Generatordrehzahl, Pitch-Winkel, Leistungsabgabe, Antriebsstrang-Drehmoment, Luft-
dichte, Umgebungstemperatur und Atmospharendruck.

Verfahren (100) nach Anspruch 6, das ferner das Bestimmen des Anpassungsfaktors (80) fiir die erste aero-
dynamische Leistungskarte (70) umfasst, das zumindest teilweise auf der Rotordrehzahl basiert, um zumindest
eine Verwindung oder Abweichung eines oder mehrerer Rotorblatter der Windturbine (10) zu bericksichtigen.

Verfahren (100) nach Anspruch 7, wobei das Bestimmen des Anpassungsfaktors (80) fur die erste aerodynamische
Leistungskarte (70), das zumindest teilweise auf der Rotordrehzahl basiert, ferner umfasst:

Eingeben der Rotordrehzahlin den Prozessor (58), wobei der Prozessor (58) eine Vielzahl von aerodynamischen
Leistungskarten umfasst, die mit einer Vielzahl von Rotordrehzahlen korrespondieren;

Auswahlen eines der Vielzahl von aerodynamischen Leistungskarten, das mit der Rotordrehzahl korrespondiert;
und

Extrahieren des Einstellfaktors (80) aus der ausgewahlten aerodynamischen Leistungskarte.

Verfahren (100) nach einem der vorhergehenden Anspriiche, wobei das Steuern der Windturbine (10) auf der
Grundlage der eingestellten aerodynamischen Leistungskarte (72) ferner das Implementieren einer Steueraktion
umfasst, die mindestens eines von Folgendem umfasst: Andern des Pitch-Winkels eines Rotorblatts, Modifizieren
eines Generatordrehmoments, Modifizieren der Generatordrehzahl, Modifizieren der Leistungsabgabe, Gieren einer
Gondel der Windturbine (10), Bremsen einer oder mehrerer Komponenten der Windturbine (10) oder Aktivieren eines
Luftstrom-Modifizierungselements an einem Rotorblatt.

System zum Steuern einer Windturbine (10), wobei das System umfasst:

einen oder mehrere Sensoren, die so konfiguriert sind, dass sie Betriebsdaten iberwachen, die den aktuellen
Betrieb der Windturbine (10) anzeigen; und

eine Windturbinensteuerung (30), die mindestens einen Prozessor (58) umfasst, wobei der Prozessor (58)
kommunikativ mitdem einen oder den mehreren Sensoren gekoppeltist, wobei der Prozessor (58) so konfiguriert
ist, dass er eine oder mehrere Operationen ausfiihrt, wobei die eine oder die mehreren Operationen umfassen:

Steuern der Windturbine (10) auf der Grundlage mindestens einer ersten aerodynamischen Leistungskarte
(70), die als eine dimensionale oder dimensionslose Tabelle oder Grafik ausgefiihrt ist, die die Rotorlast und
die Leistung unter gegebenen Bedingungen beschreibt, die mindestens eines von Dichte, Windgeschwin-
digkeit, Rotordrehzahl oder Pitch-Winkel umfassen;

Uberwachen eines aktuellen Windparameters der Windturbine (10) unter Verwendung eines oder mehrerer
Sensoren;

Bestimmen eines Anpassungsfaktors (80) fur dir erste aerodynamische Leistungskarte (70) zumindest
teilweise auf der Grundlage des gemessenen tatsachlichen Windparameters;

Anwenden des Anpassungsfaktors (80) auf die erste aerodynamische Leistungskarte (70), um eine ange-
passte aerodynamische Leistungskarte (72) zu erhalten, umfassend das Multiplizieren des Anpassungs-
faktors (80) mit mindestens einem Leistungskoeffizienten oder Schubkoeffizienten, der aus der ersten
aerodynamischen Leistungskarte (70) erhalten wird; und

Steuern der Windturbine (10) auf der Grundlage der angepassten aerodynamischen Leistungskarte (72).

System nach Anspruch 10, wobei die Betriebsdaten eines von Folgendem oder eine Kombination daraus umfassen:
Rotordrehzahl, Generatordrehzahl, Pitch-Winkel, Leistungsabgabe, Antriebsstrang-Drehmoment, Luftdichte, Um-
gebungstemperatur und Atmospharendruck.

System nach Anspruch 10 oder 11, wobei die eine oder mehreren Operationen ferner das Bestimmen des Ein-
stellfaktors (80) fur die erste aerodynamische Leistungskarte (70) umfassen, das zumindest teilweise auf der
Rotordrehzahl basiert, um zumindest eine Verwindung oder Abweichung eines oder mehrerer Rotorblatter der
Windturbine (10) zu bertcksichtigen.

System nach den Anspriichen 10 bis 12, wobei der aktuelle Windparameter mindestens einen der folgenden
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Parameter umfasst: Windboe, Windgeschwindigkeit, Windrichtung, Windbeschleunigung, Windturbulenz, Wind-
scherung, Winddrehung oder Nachlaufstérung.

Revendications

1.

Procédé (100) permettant de commander une éolienne (10), le procédé (100) comprenant :

la commande, par l'intermédiaire d’'un processeur (58), de I'éolienne (10) sur la base d’au moins une premiere
carte de performances aérodynamiques (70) sous la forme d’un tableau ou d’un graphique dimensionnel ou non
dimensionnel qui décrit la charge et les performances du rotor dans des conditions données comprenant au
moins I'un parmi densité, vitesse du vent, vitesse du rotor ou angle de calage ;

la surveillance d’'un paramétre de vent réel de I'éolienne (10) a I'aide d’un ou de plusieurs capteurs ;

la détermination, par l'intermédiaire du processeur (58), d’'un facteur d’ajustement (80) pour la carte de
performances aérodynamiques en fonction au moins en partie du parameétre de vent réel mesuré ;
I'application du facteur d’ajustement (80) a la premiére carte de performances aérodynamiques (70) pour obtenir
une carte de performances aérodynamiques ajustée (72) comprenant la multiplication du facteur d’ajustement
(80) par au moins I'un parmi un coefficient de puissance ou un coefficient de poussée obtenu a partir de la
premiere carte de performances aérodynamiques (70) ; et,

la commande de I'éolienne (10) sur la base de la carte de performances aérodynamiques ajustée (72).

Procédé (100) selon larevendication 1, dans lequel le paramétre de vent réel comprend au moins I'un parmiune rafale
de vent, une vitesse du vent, une direction du vent, une accélération du vent, une turbulence du vent, un cisaillement
du vent, un tournoiement du vent, ou un sillage.

Procédé (100) selon la revendication 1 ou 2, dans lequel la détermination du facteur d’ajustement (80) pour la
premiére carte de performances aérodynamiques (70) comprend en outre I'utilisation d’une ou de plusieurs tables de
recherche, d’une ou de plusieurs équations, ou d’'un modéle de simulation.

Procédé (100) selon la revendication 2, comprenant en outre la détermination du facteur d’ajustement (80) pour la
premiére carte de performances aérodynamiques (70) sur la base au moins en partie du cisaillement du vent de
maniére a prendre en compte des variations de vitesses du vent a proximité de I'éolienne (10).

Procédé (100) selon I'une quelconque des revendications précédentes, comprenant en outre la fourniture au
processeur (58) de données de fonctionnement indiquant le fonctionnement actuel de I'éolienne (10).

Procédé (100) selon la revendication 5, dans lequel les données de fonctionnement comprennent I'un quelconque
des éléments suivants ou une combinaison de ceux-ci : vitesse du rotor, vitesse du générateur, angle de calage,
puissance de sortie, couple de transmission, densité de I'air, température ambiante, et pression atmosphérique.

Procédé (100) selon la revendication 6, comprenant en outre la détermination du facteur d’ajustement (80) pour la
premiére carte de performances aérodynamiques (70) sur la base au moins en partie de la vitesse du rotor de maniére
a prendre en compte au moins I'une parmi une torsion ou une déviation d’'une ou de plusieurs pales de rotor de
I'éolienne (10).

Procédé (100) selon la revendication 7, dans lequel la détermination du facteur d’ajustement (80) pour la premiére
carte de performances aérodynamiques (70) sur la base au moins en partie de la vitesse du rotor comprend en outre :

I'entrée de la vitesse du rotor dans le processeur (58), le processeur (58) comprenant une pluralité de cartes de
performances aérodynamiques correspondant a une pluralité de vitesses du rotor ;

la sélection d’'une carte de performances aérodynamiques parmi la pluralité de cartes de performances aéro-
dynamiques qui correspond a la vitesse du rotor ; et,

I'extraction du facteur d’ajustement (80) de la carte de performances aérodynamiques sélectionnée.

Procédé (100) selon I'une quelconque des revendications précédentes, dans lequel la commande de I'éolienne (10)
sur la base de la carte de performances aérodynamiques ajustée (72) comprend en outre I'implémentation d’'une
action de commande comprenant au moins I'un parmi la modification de I'angle de calage d’une pale de rotor, la
modification d’'un couple de générateur, la modification de la vitesse du générateur, la modification de la sortie de
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puissance, I'orientation d’'une nacelle de I'éolienne (10), le freinage d’'un ou de plusieurs composants d’éolienne (10),
ou l'activation d’un élément de modification de flux d’air sur une pale de rotor.

Systéme permettant de commander une éolienne (10), le systéme comprenant :

un ou plusieurs capteurs configurés pour surveiller des données de fonctionnement indiquant le fonctionnement
actuel de 'éolienne (10) ; et,

un dispositif de commande d’éolienne (30) comprenant au moins un processeur (58), le processeur (58) étant
couplé de maniére a communiquer a ou aux capteurs, le processeur (58) étant configuré pour effectuer une ou
plusieurs opérations, la ou les opérations comprenant :

lacommande deI'éolienne (10) surla base d’au moins une premiéere carte de performances aérodynamiques
(70) sous la forme d’un tableau ou d’'un graphique dimensionnel ou non dimensionnel qui décrit la charge et
les performances du rotor dans des conditions données comprenant au moins I'un parmi densité, vitesse du
vent, vitesse du rotor, ou angle de calage ;

la surveillance d’'un paramétre de vent réel de I'éolienne (10) a I'aide d’'un ou de plusieurs capteurs ;

la détermination d’un facteur d’ajustement (80) pour la premiére carte de performances aérodynamiques
(70) sur la base au moins en partie du parameétre de vent réel mesuré ;

I'application du facteur d’ajustement (80) a la premiere carte de performances aérodynamiques (70) pour
obtenir une carte de performances aérodynamiques ajustée (72) comprenant la multiplication du facteur
d’ajustement (80) par au moins I'un parmi un coefficient de puissance ou un coefficient de poussée obtenu a
partir de la premiére carte de performances aérodynamiques (70) ; et,

la commande de I'éolienne (10) sur la base de la carte de performances aérodynamiques ajustée (72).

Systeme selon la revendication 10, dans lequel les données de fonctionnement comprennent I'un quelconque des
éléments suivants ou une combinaison de ceux-ci : vitesse du rotor, vitesse du générateur, angle de calage,
puissance de sortie, couple de transmission, densité de I'air, température ambiante, et pression atmosphérique.

Systéme selon la revendication 10 ou 11, dans lequel la ou les opérations comprennent en outre la détermination du
facteurd’ajustement (80) pour la premiére carte de performances aérodynamiques (70) sur la base au moins en partie
de la vitesse du rotor de maniéere a prendre en compte au moins I'une parmi une torsion ou une déviation d’'une ou de
plusieurs pales de rotor de I'éolienne (10).

Systéme selon les revendications 10 a 12, dans lequel le paramétre de vent réel comprend au moins I'un parmi une

rafale de vent, une vitesse du vent, une direction du vent, une accélération du vent, une turbulence du vent, un
cisaillement du vent, un tournoiement du vent, ou un sillage.
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